Low phosphate (P) availability is a major factor constraining plant growth and metabolism in many soils worldwide due to the poor solubility and mobility of soil P. As a consequence, increasing the application rates of P in the form of inorganic fertilizers or P-rich organic manures is a very important approach to overcoming soil P deficiency and achieving higher crop yields. For example, the consumption of chemical P fertilizers in China has increased approximately 100 times between 1960 (0.05 Mt) and 2010 (5.3 Mt) but yields have not increased at the same rate. Most fertilizer P applied to the soil is immobilized due to the strong adsorption of P to iron and aluminum cations at low pH and calcium (Ca) at high soil pH[@b1]. The recovery of applied P by crops in one growing season is often low. Average P use efficiency is estimated at \<20% of fertilizer P applied in China[@b2]. However, excessive P inputs and inappropriate P management are found in both crop and animal production systems throughout the country, resulting in severe eutrophication of surface waters[@b3]. From 1980 to 2007 an average of 242 kg P ha^−1^ has accumulated in the soils, resulting in an increase in average Olsen-P levels of 7.4 to 24.7 mg kg^−1 ^[@b4]. This situation prevails even though rock phosphate is a non-renewable and finite resource and costs of fertilizer P are increasing. It is estimated that the P reserves in China (3700 million tonnes) will be exhausted within the next 20 years unless either current rates of extraction are reduced[@b5] or the efficiency of the extraction technology is increased. Hence, appropriate P management to increase P use efficiency and minimize damage to the environment is of strategic importance for the development of sustainable agriculture.

Two effective strategies for P management have been developed, namely soil-based P management to optimize the use of P based on yield response to fertilizer P[@b6] and plant/rhizosphere-based P management which aims to modify rhizosphere processes by localized nutrient supply, intercropping and exploitation of plant genetic potential through conventional and molecular breeding[@b7]. Soil microorganisms are vital constituents of the rhizosphere and they play key roles in P cycling[@b8]. Arbuscular mycorrhizal fungi (AMF) are members of the Glomeromycota, a key component of the soil microbiota which form the most common and widespread terrestrial plant symbioses. They are obligate symbiotic soil fungi and they form intimate associations with approximately 80% of terrestrial plant species including the majority of agricultural crops[@b9]. AM fungi have been shown to benefit crop productivity due to their contribution to plant nutrition, soil structure and other ecosystem services[@b9]. The predominant function of AMF is attributed to increased host plant P uptake as a consequence of their high affinity P uptake mechanism[@b10]. There is, however, great concern that high soil P contents reduce the benefit, especially in high-input agricultural systems. The potential to incorporate the management of AMF as a 'green tool' to maximize crop P use efficiency, reduce fertilizer P use and increase crop yields has been highlighted by the looming crisis in P reserves and increasing awareness of sustainable nutrient management[@b11]. It has been estimated that inoculation with AMF might result in a reduction of approximately 80% of the recommended fertilizer P rates under certain conditions[@b12].

An improved understanding of AMF community responses to P fertilization is fundamental for better P management and more effective fertilizer use in agricultural ecosystems. It is generally acknowledged that the formation and growth of AM is adversely affected by high P supply levels when P is applied homogenously to the soil in pot experiments under controlled conditions[@b13]. However, under field conditions the influence of fertilizer P on AMF community structure and abundance is variable. For example, the abundance or diversity of AM fungi was reduced by P fertilization[@b14], but application of different forms of organic and inorganic P fertilizers did not affect soil or root-inhabiting AMF over a three-year period in a maize-soybean rotation[@b15]. Recent evidence indicates that high soil P supply does not always have a negative impact on AMF diversity[@b16]. Discrepancies between different experiments may be attributed to various factors including P application rate, soil properties and climatic conditions. In addition, spatial heterogeneity is an important determinant of the AMF community. Patchy distribution of soil properties in agricultural fields has strong effects on the community structure of AMF[@b17]. A previous study shows that deeper soils are rich in AMF diversity[@b18]. As fertilizer P is typically applied to the topsoil and may thus create P hotspots, the question remains as to whether or not the AMF community in deeper soils is less responsive to fertilizer P inputs.

AMF are widely distributed and knowledge of how spatial factors affect their diversity in a specific area or a specific soil type is essential for good management[@b15] because changes in available P vary greatly in different management zones[@b19]. For example, the accumulation of Olsen-P led to a surplus of 100 kg P ha^−1^ yr^−1^. This equates to 6 mg P kg^−1^ soil in northeast China but only 3 mg P kg^−1^ soil in north China[@b20]. The North China Plain (NCP), one of the most important agricultural production regions in China, provides more than 75% of the national wheat crop and 35% of the maize[@b21]. The net P surplus in this region is 53 kg ha^−1^ yr^−1^ (total P input 92 kg ha^−1^ yr^−1^ and total P agronomic output 39 kg ha^−1^ yr^−1^) with yield increases of wheat and maize from 0.6 and 0.7 t ha^−1^ to 5.4 and 5.6 t ha^−1^, respectively, from 1949 to 2009[@b22]. Hence, systematic investigations into AMF communities in soils and crop roots in response to P fertilization might allow us to better understand the potential functioning and benefits of AMF. Results from long-term experimental sites show that P fertilization decreased AMF diversity and shifted community structure[@b23]. However, short-term studies on AMF responses to P fertilization gradients are also necessary for improved management practices including P fertilization regimes in order to avoid the occurrence of long-term negative effects. In the present study we investigated the vertical distribution of the soil AMF community at maize harvest at a field experimental site on the North China Plain. Phosphorus fertilizer had been applied to the soil for three years. Plant AMF community composition differs from that in the soil[@b24] and therefore shifts in the AMF communities in maize roots were also assessed throughout the growing season. It is difficult to find soils that are low in background P in this intensive agricultural region and the study was therefore conducted in a soil of moderate P status. We tested the hypothesis that high P supply reduces AMF diversity and that the negative impacts due to P fertilization may be more pronounced in the topsoil than deeper in the soil profile. We also predicted that maize growth stage may interact with P fertilization to influence the root AM community.

Results
=======

Maize yields and soil physico-chemical properties
-------------------------------------------------

Due to the high application rates of fertilizer P by local farmers prior to the start of the experiment, maize yields were not significantly increased by fertilizer P inputs over the three years of the experiment. The mean average yield in the sampling year in the control (6.74 t ha^−1^) tended to be lower than in P25 (6.91 t ha^−1^) or P100 (7.15 t ha^−1^). However, shoot P concentrations were significantly affected with 2.56 (P0), 3.04 (P25) and 3.21 g kg^−1^ (P100) at the V6 growth stage. The corresponding values at the V13 stage were 1.76, 2.32 and 2.56 g kg^−1^. In contrast to the poor plant growth responses, P fertilization had significant effects on soil Olsen-P (*p* \< 0.001), pH (*p* \< 0.01) and EC (*p* \< 0.001) ([Table S1](#S1){ref-type="supplementary-material"}). The Olsen-P concentration in the top 20 cm of the soil profile increased significantly with fertilizer P application. The available P contents at P25 and P100 were 2.31 and 5.24 times higher than that of the control ([Table S1](#S1){ref-type="supplementary-material"}). A significant decrease in soil pH and increase in EC were detected at P100 at all soil depths and the effects were more pronounced at 0--20 cm depth. However, no significant difference was observed between the control and P25 at any soil depth. Soil depth had significant effects on soil physico-chemical properties ([Table S1](#S1){ref-type="supplementary-material"}). The EC and Na concentration increased significantly with increasing soil depth (*p* \< 0.001) and the other parameters (total N, SOM, C/N, Olsen-P, Zn) deeper in the soil profile (20--40 and 40--60 cm) were generally lower (*p* \< 0.001) than those at the top 20 cm. Soil N/P appeared to decrease with P application and increased with soil depth, and the effect of soil depth was more pronounced in P fertilized treatments than in the control. Soil available K and microelements (Fe, Mn and Cu) were not significantly affected by either fertilizer P or soil depth (data not shown).

AM colonization and hyphal growth
---------------------------------

Root length colonization (%RLC) and arbuscular colonization (%AC) in maize roots were strongly influenced by both growth stage and P fertilization ([Table 1](#t1){ref-type="table"}). In general, the high P rate (P100) decreased %RLC, %AC, and %HC (hyphal colonization) while the effect of optimum P (P25) was variable and an increase in colonization was observed at certain growth stages. The %RLC increased over the growing season and the highest value was observed at R4. The %AC ranged from 14 to 28% and had the highest values at V13. The percentage of vesicles was low and affected by neither growth stage nor fertilizer P. The %HC was variable and was strongly influenced by growth stage but not by fertilizer P. Fertilizer P reduced %HC at V6 and V13 but the low rate of P (P25) increased %HC at the R4 stage. Hyphal length density was affected by neither growth stage nor fertilizer P. Spore density tended to decrease at R4 and the effect was stronger at P100 than in the control or P25.

Structure of the soil AM fungal community
-----------------------------------------

The P application rate did not have any significant effect on soil AMF richness except at 40--60 cm soil depth where richness decreased significantly at P100 ([Fig. 1](#f1){ref-type="fig"}). The T-RF richness in the two P treatments tended to decrease deeper in the soil profile compared to 0--20 cm depth. T-RFLP analyses in combination with cloning and sequencing were used to determine the AM fungal community. Thirteen T-RFs (97, 107, 116, 140, 141, 142, 157, 168, 169, 189, 190, 258 and 259 bp) were detected in T-RFLP profiles ([Table S2](#S1){ref-type="supplementary-material"}). Three T-RFs (107, 142 and 157 bp) showed lower frequency of occurrence, while five T-RFs (116, 169, 141, 190 and 259 bp) ranked in the top five and accounted for approximately 76.2% of total T-RF abundance ([Table S2](#S1){ref-type="supplementary-material"} and [Fig. S1](#S1){ref-type="supplementary-material"}). The T-RFLP fingerprints show that the fungal community was greatly changed by P fertilization and varied with soil depth ([Table S2](#S1){ref-type="supplementary-material"}). The fungal community at P100 differed greatly from that at P25 while the latter showed a fungal community shift only at the top 20 cm of the soil profile compared to that in the control.

The T-RFs of 169 bp and 116 bp (except 40--60 cm depth in P100) were present in all soil samples and the other common T-RFs (141, 190 and 259 bp) were more frequently detected in the control and P25. 141 bp was only detected at all soil depths in the control and P25, and other T-RFs (97, 107, 140, 142, 157, 168 and 258 bp) were detected only in P fertilizer treatments at certain soil depths.

The significance of soil chemical variables in relation to the soil T-RFLP profiles was explored using CCA ([Fig. 2](#f2){ref-type="fig"}). Soil AP, N/P and pH showed significant effects on the AMF community, while Na and EC were positively correlated with T-RFs down the soil profile. There was a clear separation of AMF community between 40--60 cm depth and other two soil depths.

Structure of AM fungal community in maize roots
-----------------------------------------------

The T-RF richness in roots increased over the growing period. P25 increased the richness at stages V13 and R4 but no significant difference was found between P0 and P100 ([Fig. 1](#f1){ref-type="fig"}). Eleven T-RFs (97, 107, 116, 141, 157, 168, 169, 189, 190, 258, 259 bp) were detected in the maize roots ([Table S2](#S1){ref-type="supplementary-material"}). The frequency of 97 bp and 189 bp increased in the maize roots compared with the soil (data not shown). The structure of the AMF community was significantly affected by growth stage but not by fertilizer P ([Fig. 3](#f3){ref-type="fig"}). T-RFs 97, 116, 141, 189, 258 and 259 bp were the most frequently detected phylotypes across all maize roots over the growing period. The fractions of 116, 141 and 259 bp were detected in all root samples over the growth period. 157 bp was found at V13 and R4 stages in P25, and R4 in the control. 168 bp was detected in maize roots in the control at V13 and R4 stages but in P100 only at V6. Three T-RFs were exclusively found in one treatment or growth stage. 107 bp was detected only in the control at V6 and R4 stages. 169 bp occurred at V13 stage in P25 and 190 bp at V6 stage in P100.

Phylogenetic analysis of AM fungi in surface soil
-------------------------------------------------

Three clone libraries of the AMF 18S rRNA genes were constructed from the surface soil samples (top 20 cm) in the three P treatments. Ninety-six clones were sequenced in each clone library and a neighbor-joining tree was constructed based on 70--84 effective sequences. Reference sequences were obtained from the GenBank database ([Fig. S3](#S1){ref-type="supplementary-material"}). The rarefaction curves on the basis of analyzed sequence numbers in each clone library almost reached a plateau, indicating that the number of sequences analyzed was sufficient to characterize the AMF phylotypes present in soil and maize roots (data not shown). Twenty-seven discrete clusters were obtained from the phylogenetic analysis, and hence potentially 27 taxonomic units (each with bootstrap support \>50%) were represented in the clone libraries. The 27 phylotypes are shown on the phylogenetic tree (NJ) with sequence identity from 97 to 100% and are represented by *sp1*-*sp27*. Fourteen of the 27 OTUs belonged to *Glomus*, 1 to *Funneliformis*, 3 to *Rhizophagus*, 3 to *Diversispora*, 3 to *Acaulospora*, 1 to *Sclerocystis* and 2 to *Septoglomus*. Of the effective clones sequenced from the clone library, *Glomus* (35.7--54.3%), *Funneliformis* (15.3--35.7%) *and Rhizophagus* (2.8--11.9%) were predominant, with *Acaulospora, Sclerocystis* and *Diversispora* showing lower abundance.

A combination of in silico analyses and T-RFLP fingerprinting of the representative clones shows that most of the T-RFs were assigned to Glomerales (including *Glomus* groups A and B) and five T-RFs (97, 141, 142, 169, 259 bp) were partly assigned to Diversisporales ([Table S3](#S1){ref-type="supplementary-material"}). Of the five T-RFs, 169 bp exclusively belonged to the *Diversisporaceae*, and 142 bp exclusively belonged to the *Acaulosporaceae*, and the other T-RFs were associated with more than one sequence group. Of the T-RFs assigned to the Glomerales, 116 bp mostly belonged to *Glomus* Group A, including Rhi2 (*Rhizophagus irregularis*), Fun1 (*Funeliformis mosseae*) and Glo1 (*Glomus viscosum*). The 190 bp was mainly Glo7 (uncultured *Glomus*) and Glo9 (*Glomus* sp.). 157 bp was affiliated to *Glomus indicum* (Glo12) and 107 bp was to *Sclerocystis sinuosa* (Scl1). The T-RFs of 140 bp e and 168 bp were uncultured *Glomus* (Glo11 and Glo7 respectively). 258 bp contained mainly Glo8 and Glo10 (uncultured *Glomus*), Glo1 and Glo3 (*Glomus viscosum*).

Discussion
==========

Maize yields did not show any response to fertilizer P application over the three consecutive years because the soil in the present study contained relatively high levels of residual P due to previous intensive cultivation. Yet we found that mycorrhizal colonization and AMF communities were altered by P application. The fertilizer P effect started to show in the second year. Our sampling time was the tipping point in terms of soil residual P shifting from moderate P supply to P deficiency (P0). Hence, our study of the status of AMF communities at this time point is of particular interest.

Considerable evidence shows that AMF are strongly controlled by host P status and soil P availability[@b9]. In general, root colonization by AMF is inversely related to soil available P and plant P nutrition[@b25]. As expected, compared to P0, at P100 %RLC, %AC and %HC in maize roots decreased significantly, while the effect of P25 was variable and colonization sometimes increased ([Table 1](#t1){ref-type="table"}). At P25 soil available P at 0--20 cm depth fell within the critical P values reported for maize production (3.9 to 17.3 mg P · kg^−1^)[@b26], while P100 may lead to a P-leaching risk as the value was close to 40 mg P kg^−1 ^[@b27]. Our results indicate that high P supply leads to low root infection by AMF while optimum P may possibly stimulate the potential activity of indigenous AMF in the soil. Root colonization and AM-specific Pi transporter genes are significantly up-regulated when soil Olsen-P is below a critical level (10 mg kg^−1^)[@b28]. The inconsistent results at P25 may be related to the heterogeneity of P distribution in the soil because fertilizer P was applied only at 0--20 cm depth but the roots were sampled to below 20 cm depth. The positive effect of P25 and the negative effect of P100 on %RLC, %AC and %HC tended to be more pronounced at R4 ([Table 1](#t1){ref-type="table"}), indicating that crop phenology is important in determining root colonization. High P demand and C allocation to roots at R4 in maize plants potentially affected the dependency of maize on mycorrhizal fungi to acquire P[@b29]. Similarly, Liu *et al*.[@b24] also found changes in AMF colonization across the maize growing season and colonization increases over the growth period. In contrast to AM colonization, spore density and hyphal length density were significantly affected neither by P fertilization nor by growth stage ([Table 1](#t1){ref-type="table"}). These results are inconsistent with changes in spore density[@b30], or the amount of AM determined by the fatty acid biomarker C16:1w5[@b29] over the plant growth period. One explanation is that AM colonization is more sensitive to short-term P fertilization and crop phenology than are the growth and spore production of AMF, as the colonization structure is more closely associated with the host plant.

The influence of soil P on the diversity of AM fungi remains controversial, and the outcome is related to the forms of P fertilizer, P rates[@b31], sampling times[@b32] and host plant species[@b16]. Here, fertilizer P application did not have any overall significant effect on T-RF richness in the maize roots or in the soil ([Fig. 1](#f1){ref-type="fig"}) except for a decrease in T-RF richness at 40--60 cm depth. Similarly, Beauregard *et al*.[@b32] also found that AMF diversity was not affected by P level. By contrast, Lin *et al*.[@b23] found that long-term P fertilization decreased AMF diversity and richness in an arable soil in north China.

The AMF community composition in the soil was differentiated by the fertilizer P treatment and soil depth. The separation of the AMF community among P treatments occurred at the surface soil layer and was mainly attributed to available P, N/P and pH ([Fig. 2](#f2){ref-type="fig"}). The vertical distribution of AMF was significantly correlated with EC and Na content ([Fig. 2](#f2){ref-type="fig"}). The impact of fertilizer P is in agreement with previous results based on agricultural soils[@b23] and other ecosystems[@b33]. Soil pH and/or pH-driven changes in soil chemistry are important in shaping AMF communities in both natural and agricultural ecosystems[@b34]. The change in soil pH due to fertilizer P application might be related to plant N uptake. Phosphorus fertilization has been shown to affect N uptake and N use efficiency[@b35]. In addition, we found that the variation in the AMF community structure was associated with soil N/P. According to the functional equilibrium model[@b36], a pronounced increase in N/P with soil depth implies that AMF deeper in the soil may enhance mutualistic benefits. However, whether this may offset the negative impact of high P on AMF in the surface soil needs further investigation. Similarly, significant effects of combined N and P fertilization on soil AMF species composition[@b37] and richness[@b38] have been reported. Thus, the response of the AMF community to P fertilization should also consider N levels in order to provide a more predictive picture of AM structure and function in agricultural ecosystems. The high number of T-RFs at P25 in the surface soil (0--20 cm) is particularly interesting. Whether or not this indicates that low rates of fertilizer P increase the diversity of AMF in the soil requires further study.

Of the soil physio-chemical properties determined, we found that soil EC and Na content had a significant impact on the vertical distribution of AMF in the soil. This is in accordance with our previous N fertilization study at the same site[@b24] and a recent study in a semi-arid prairie ecosytem[@b34]. Soil salinity can impact AMF. Our study area has been substantially affected historically by high salinity and was desalinized in three stages in 1973, 1978 and 1982[@b39]. It is unusual that few T-RFs were detected at P100 at 40--60 cm. As the missing T-RFs (97 and 258 bp) were detected frequently in the maize roots ([Table S2](#S1){ref-type="supplementary-material"}), this effect may be due to the spatial heterogeneity of the soil. Soil spatial heterogeneity can influence AMF communities. Alternatively, high EC and Na contents at P100 indeed act as a strong filter for specific fungal taxa. In addition to EC and Na content, it is possible that other soil properties and plant attributes also affect the vertical distribution of the AMF communities, and this requires further study.

Application of P did not have a significant influence on the community composition of AMF in the roots ([Table S2](#S1){ref-type="supplementary-material"}). Previous studies show that some addition of fertilizer P can increase the diversity of AMF but high application rates can substantially reduce AMF diversity and change species composition[@b25]. By contrast, the AMF community of the three host plant species maize, viola and soybean changed significantly only at higher P concentrations (\>46--70 mg l^−1^). Similarly, AMF communities associated with alfalfa were not affected by P level[@b32]. A large scale study in Swiss agricultural soils also reported that soil available P levels had no effect on the structure of the AMF community[@b40]. In the present study the soil used had a relatively high background P due to high application rates of fertilizer P to preceding crops prior to the start of the experiment. It is possible that the indigenous AMF community has been selected towards specific taxa or strains that are strong competitors and less sensitive to fertilizer P. This is supported by the six dominant representative T-RFs (97, 116, 141, 189, 258 and 259 bp) in maize roots across all P treatments and sampling times ([Table S2](#S1){ref-type="supplementary-material"}). Hence, the residual effect of P fertilization may override the current P management practices with respect to its impacts on the AMF community, although differences in soil Olsen-P and maize P uptake were observed among the fertilizer P treatments. Nevertheless, we found that two relatively rare T-RFs (157 and 168 bp) were present only at P0 and P25 but not at P100, indicating that high application rates of fertilizer P have the potential to eliminate or reduce AMF taxa. Whether these AMF species (*Glomus indicum* and an uncultured *Glomus*) are sensitive to P fertilization requires further investigation. Evidence from cloning data shows that the relative abundance of Glo12 (affiliated with *Glomus indicum*) was substantially reduced by P fertilization (data not shown).

Seasonal variation in root AMF communities is correlated with compounding factors such as host plant species and P flux[@b34], climatic conditions[@b41], crop phenology[@b24] and the life history traits of the fungi[@b42]. We found that the AMF community in maize roots shifted at certain growth stages of the maize crop. For example, R4 in the control, V13 in P25, and V6 in both P25 and P100 were separated from the remaining P treatments and growth stages. This may be due to the alteration of carbon investment in belowground parts or signaling of plants to the environment over the maize growth period. The presence of certain rare taxa (e.g. 107, 142 and 157 bp) may also affect community composition because rare species may be important in affecting AMF community structure in response to nutrient applications[@b38]. In the present study P fertilization did not affect the AMF community profiles in the maize roots and the AMF community was generally clustered across the different P treatments ([Table S2](#S1){ref-type="supplementary-material"}). Likewise, the AMF community structure in the soil was altered by long-term fertilization in a wheat-rice crop rotation[@b43]. The frequency of occurrence of T-RFs did not differ significantly between fertilizer P treatments vs. the control (data not shown). This is consistent with findings from a long-term P fertilization (\~40 years) field trial in pasture where the addition of fertilizer P to the soil was more important than the quantity applied in affecting AMF communities[@b33]. In the present study, N fertilizer was applied at a rate for optimal maize growth. Nitrogen fertilization at low P availability might increase the C supply belowground[@b36] and enhance the colonization and diversity of AMF in maize roots in low P treatment. In addition, the common P fertilization practice in this region may have selected certain AMF taxa which show weak responses to P inputs. Future studies should include analysis of the abundance of AMF taxa in the roots to elucidate the potential mechanisms of fungal competition in the construction of AMF assemblages.

The complex linkages among climatic variation, crop phenology, soil conditions and AMF dynamics need to be clarified in long-term studies. AMF genetic diversity was found to be higher in soils than in roots in grassland ecosystems[@b44]. Our results are in accordance with these previous studies. We found 27 sequence types in the present study, similar to the 26 sequence types reported in maize roots in a long-term nitrogen fertilization experiment conducted in southeast Nebraska[@b45] and 22 sequence types in north China[@b24]. Most of the sequence types were affiliated with the identified VTX reported in the Maarj*AM* database ([Table S4](#S1){ref-type="supplementary-material"}), indicating that the VTX are ubiquitous. Six fungal T-RFs (97, 116, 141, 189, 258 and 259 bp) were detected in both maize roots and soil ([Table S2](#S1){ref-type="supplementary-material"}). Sequence types of these OTUs belonging to the genera *Glomus, Funneliformis, Rhizophagus, Diversispora, Acaulospora, Septoglomus* and *Sclerocystis* have been frequently detected in north China[@b23]. The T-RFs 258 bp (*Glomus viscosum* and uncultured *Glomus*) and 97 bp (*Acaulospora mellea*, uncultured *Diversispora, Rhizophagus intraradices, Septoglomus constrictum* and *Glomus viscosum*) occurred in almost all root samples but were less frequently detected in the soil. The T-RFs 190 bp (*Glomus* sp. and uncultured *Glomus*) and 169 bp (uncultured *Diversispora*) showed the opposite trend. *Glomaceae* and *Acaulosporaceae* groups have been shown to be commonly associated with maize[@b43]. The enriched T-RFs indicate that maize roots showed some preference for these fungal species and selection towards certain fungal taxa. This is partly supported by the higher turnover of T-RFs in the soil than in the plant roots. Consideration of both roots and soil together provides a more comprehensive picture of AMF diversity and its potential function in agricultural ecosystems.

Conclusions
===========

The soil studied had relatively high residual P levels and soil available P showed some response to P supply but maize yields showed no response after three years of fertilizer P application. The responses of AMF communities in maize roots and soil to fertilizer P application are complex. Here, we found that P fertilization significantly affected root colonization but not the diversity or community structure of AMF in maize roots. The temporal changes in the AMF community in maize roots indicate that crop phenology might override fertilizer P in determining the community composition of active root inhabiting fungi. By contrast, a shift in AMF community seen in the surface soil is mainly attributable to soil available P and pH, and optimum P tends to increase the diversity of AMF. The vertical distribution of AMF in the soil is related to soil EC and Na content. Hence, P management should be integrated with cropping design and other agricultural practices to ensure the sustainable agricultural production in these salinized soils.

Materials and Methods
=====================

Study site description and experimental design
----------------------------------------------

The study site was a fertilizer P experiment site which was established in 2008. The site is located at China Agricultural University's Quzhou Experimental station, Quzhou County, Hebei province, China (36°52′N, 115°02′E). The silt fluvo-aquic soil contained 0.67 g kg^−1^ total N, Olsen-P 7 mg kg^−1^, exchangeable-K 74 mg kg^−1^, organic matter content 10.3 g kg^−1^; and had a pH of 8.5 (1:2.5 soil/water w/v) in the top 30 cm before planting in 2008[@b46]. The climate is warm and sub-humid with an average annual temperature of 13.2 °C and precipitation ranging from 213 to 840 mm. The cropping system is a winter wheat-summer maize rotation in each year and is representative of the typical cropping system on the North China Plain. Winter wheat (*Triticum aestivum* L. cv. Kenong9204 and Shijiazhuang8) was planted in mid-October and harvested in mid-June and summer maize (*Zea mays* L. cv. Nongda 108 and NE 15) was sown in mid-June and harvested in mid-October. Mean yields of wheat and maize in this region are 6.5 and 8.0 t ha^−1^, respectively.

The design of the experiment was a randomized complete block with four replicates. The size of each plot was 5.4 m × 8 m. Two maize cultivars (*Zea mays* L. cv. Nongda 108 and Ne15) were sown but only NE15 was sampled. Planting density of maize was approximately 67500 individual seeds per hectare with a 60 cm row width. The total experiment consisted six application rates of fertilizer P (0, 12.5, 25, 50, 100 and 200 kg P ha^−1^) but only three P application rates were chosen for this study, namely Control (no fertilizer P input), P25 (25 kg P ha^−1^) and P100 (100 kg P ha^−1^). Before sowing, straw was removed from the field and the entire application of P (as calcium superphosphate), 75 kg N ha^−1^ (as urea), and 50 kg K ha^−1^ (as potassium sulfate) were broadcast and mixed with the surface soil by disking. At the 13-leaf stage an additional 150 kg N ha^−1^ as urea was top-dressed to each plot. Irrigation, herbicides and pesticides were used according to the local practice when necessary. Grain yield was determined by manually harvesting and drying (at 60 °C) ears from two rows per plot.

Soil and plant sampling
-----------------------

Soil was sampled in October 2011 after the maize harvest, i.e. three years after the establishment of the experiment. Soil samples were collected from different depths (0--20, 20--40 and 40--60 cm) using a soil core sampler (3 cm internal diameter). Each plot was divided to four quadrants, and sampling was conducted in the middle of each quadrant. Hence four soil cores were collected at each plot and mixed to give one composite sample at each depth. A total of 36 mixed stratified soil samples were collected. The samples were sieved (\<2 mm) and divided into two portions. One was stored at −20 °C for DNA extraction and subsequent molecular analysis and the other portion was air-dried and used for analysis of soil physico-chemical properties.

Maize root samples were taken at growth stages V6 (20 July, 6-leaf collar), V13 (5 August, 13-leaf collar), and R4 (19 September, kernel dough). Three maize plants were sampled along a transect at three sampling points at 1-m intervals. Shoots and roots were separated and rhizosphere soil was collected using the shaking method. Roots of three maize plants were mixed to form one composite sample from each plot. Root samples were divided into two portions, one of which was stored at −20 °C for DNA extraction and the other retained for determination of percentage root length colonized by AMF.

Soil and plant physico-chemical properties
------------------------------------------

Soil pH was determined by glass electrode (1:2 soil/water, w/v). Soil electrical conductivity (EC) was measured with an electrical conductivity meter. Soil total N was determined by the Dumas combustion method (Elemental Analyzer Vario EI III, Elementar Analysensysteme GmbH, Hanau, Germany). Other soil properties determined were soil organic matter (soil digestion with hot acid dichromate[@b47]) and available P (Olsen-P, 0.5 M NaHCO~3~[@b48]). Soil Na and Zn concentrations were determined by inductively coupled plasma optical emission spectroscopy (ICP-AES, OPTIMA 3300 DV, Perkin-Elmer, Waltham, MA) after Mehlich 3 solution extraction[@b49]. Soil N/P ratio was calculated based on total N and available P. Plant shoots were over-dried at 60 °C for three days, weighed and ground for nutrient analysis. Plant P concentration was measured by the molybdo-vanadophosphate method after samples were digested with concentrated H~2~SO~4~ and H~2~O~2~[@b28].

Assessment of AM fungal colonization, spore density and hyphal length density
-----------------------------------------------------------------------------

Fine roots were rinsed with distilled water and cleared with 10% KOH. Cleared root samples were thoroughly rinsed with distilled water and stained with 0.05% (w/v) Trypan blue[@b50]. A random subset of thirty 1-cm-long root segments from each sample was mounted onto microscope slides. The percentage root length colonized by Glomeromycota was quantified using the magnified intersection method with 200 intersections[@b51] and some other mycorrhizal indicators (root length colonization, %RLC; arbuscular colonization, %AC; hyphal colonization, %HC) were also determined. Spores of AMF in the rhizosphere soil (2-mm sieved) were counted using the method described by Daniels and Skipper[@b52]. Ten grams of soil were taken from each soil sample and wet-sieved. AMF spores were counted on a grid pattern dish under a binocular stereomicroscope. Hyphal length density was determined according to Jakobsen *et al*.[@b53].

DNA extraction and amplification
--------------------------------

Soil DNA was extracted from 0.5 g fresh soil using a FastDNA Spin Kit for Soil (Bio101, Carlsbad, CA) and maize root genomic DNA was extracted from 0.05 g frozen root samples (ground and homogenized with liquid nitrogen) using a Fast Plant Kit (Tiangen, Beijing, China) following the manufacturers' instructions. The total DNA concentration in each soil or root sample was quantified spectrophotometrically using a NanoDrop ND-8000 (NanoDrop, Wilmington, DE). AM fungal specific 5′-labeled primer pairs NS31-HEX and AM1-FAM[@b54] were used to amplify the AMF SSU rDNA gene (\~550 bp) in soil and root sample extracts for subsequent T-RFLP analysis and the conventional NS31/AM1 primer pair (without fluorescence labeling) was used for subsequent clone-sequencing analysis[@b55]. Because polysaccharide components in roots would interfere with the PCR amplification and one step PCR was difficult to amplify satisfactory root products, the fungal primer pair AML1/AML2[@b56] was used prior to the amplification of AM fungal specific primer. A 10 μl PCR reaction system contained 5 μl 2× TaqMix (Tiangen Co., Ltd, Beijing, China), 0.2 μl 10 mM each primer, 1 μl DNA template (about 100 ng of soil or root extracted template DNA) and 3.6 μl ddH~2~O. Thermal cycling for soil samples was performed as described by Helgason *et al*.[@b57] with some modification: 5 min initial denaturation at 94 °C; 40 cycles of 30 s denaturation at 94 °C, 1 min annealing at 58 °C and 1 min elongation at 72 °C; and a 10 min final elongation at 72 °C. The cycling parameters for root samples consisted of an initial denaturing step for 5 min at 94 °C, 34 (round one) or 30 (round two) cycles consisting of 30 s at 94 °C, 45 s at 60 °C and 1 min at 72 °C, followed by a final extension step of 72 °C for 10 min. 5 μL PCR products were checked on 1% agarose gel to estimate the quantity of PCR products. The PCR product with the strongest band on the gel and the expected targeted fragment length of AMF (\~550 bp) was selected and purified with the QIAquick PCR Purification Kit (Tiangen, Beijing, China).

T-RFLP analysis
---------------

PCR products were digested with the restriction enzymes Hinfl and Hin1II (both Promega) in separate reactions[@b54]. The 10 μl digestion reaction consisted of 3.0 μl diluted (1:5) PCR product and 1 unit Hinfl or Hin1II in the buffer recommended by the manufacturers. The reactions were incubated at 37 °C for 3 h followed by a heat inactivation step at 80 °C for 20 min. Samples were purified with Exo-SAP-IT (USB, Cleveland, OH) followed by a Sephadex column clean-up step and mixed with formamide and the internal lane size standard ROX-500-ILS (Microread). The size of the terminal restriction fragments (T-RFs) in each sample was determined using an ABI-PRISM 3130XL Genetic Analyzer (Applied Biosystems, Carlsbad, CA) by Yuewei Gene Company (Beijing, China). Fragment data were analyzed using Peak Scanner software v1.0 (Applied Biosystems). Only T-RFs ranging from 45 to 450 base pairs in length with a minimum peak height of 50 relative fluorescent units and accounting for 1% of the total peak profile for each sample were considered for further analysis[@b58]. Two types of fluorescence label (HEX and FAM) and two restriction enzymes (Hinf1 and Hin1II) were used[@b54]. However, the two restriction enzymes failed to digest T-RFs labeled by FAM. Thus, only HEX labeled T-RFs were used for subsequent analysis.

The automated sequencer detects all fluorescent DNA fragments. If there is a strong secondary structure or partial digestion, a signal that does not correspond to a true T-RF can be detected. T-RFLP requires matching unknown T-RFLP profiles to a database of known T-RFLP patterns to identify which species or taxa are in a sample. In the present experiment we used the clone-sequencing method to construct an AMF T-RFLP profile database.

Cloning, sequencing and clone library construction
--------------------------------------------------

Our cloned region was part of the SSU rDNA gene (length \~550 bp). Surface soil samples (0--20 cm depth) were used for AMF T-RFLP profile database construction. Primer pair (without fluorescence labeling) and PCR cycling parameters of the clone-sequencing procedure were similar to those described above. Twelve soil samples (3 P treatments, 4 replicates) were amplified with NS31/AM1 and the 4 replicated PCR products of each P treatment were pooled together to form one sample for clone library construction. In this study three soil sample clone libraries were built to distinguish the identification of T-RFs.

Cloning was conducted by the method of Liu *et al*.[@b24] and Lee *et al*.[@b56]. In each clone library, clones containing the converted DNA fragments were selected by blue/white screening and 96 white clones were randomly picked up. All clones were sequenced by ZhongKeXiLin Biotechnology Company (ABI 3730XL, Beijing, China). After sequencing, each positive clone was used as a template for PCR amplification (NS31-HEX/AM1-FAM) and was digested and T-RFLP analysis was performed. AMF sequences obtained from the clone library were also used in simulated restriction endonuclease enzyme digestion using ChromasPro software using Hinfl and Hin1II. Unknown T-RFLP profiles were matched with profiles of sequenced clones and all T-RFs within 1.5 base pairs were required to be detected for a positive match. T-RFLP detected all or almost all terminal restriction fragments predicted from the cloned sequences. This step allowed us to conclude with confidence that all peaks taken into account were true T-RFs even when they were of low intensity.

Phylogenetic analysis
---------------------

The size of the sequence amplified by this primer pair was about 550 bp and sequences were examined with BLAST[@b59] to determine whether sequences were derived from Glomeromycota (<http://www.ncbi.nlm.nih.gov/>) and searched for closely related sequences. All sequences were grouped into operational taxonomic units (OTUs) using the DOTUR-1.53 program with similarities \>97%. For the phylogenetic analyses on sequence data, the closest matches to each OTU were determined using the BLAST sequence similarity search tool against GenBank[@b59] and retained as references. The alignment was conducted by ClustalX and MEGA 4 was used to construct the phylogenetic tree, and the phylogenetic tree was inferred by the neighbor joining (NJ) method using Kimura 2-parameter with a bootstrap support of \>80% (1000 re-samplings). *Endogone pisiformis* (X58724) was used as outer group. Distance matrices were constructed by the DNADIST program in PHYLIP for sequence data. The AM fungal sequences used in phylogenetic analysis were submitted to the GenBank database under the accession numbers KT291187-KT291412. In addition, our sequences were blasted against the online database Maarj*AM*[@b60] (<http://maarjam.botany.ut.ee/>; status on July 18, 2015) and grouped into the corresponding molecular virtual taxa with the sequence identity ≥97%. The numbers of publications reporting the same sequence types are listed in [Table S4](#S1){ref-type="supplementary-material"}.

Data analysis and statistics
----------------------------

The T-RFs which matched with sequences in the clone library in each P treatment were defined as valid T-RFs. The T-RF matrix in each sample was constructed by the presence/absence of individual T-RF. T-RF richness (S) was represented by the total number of T-RFs in soil or maize roots at three growth stages under different P treatments. Significant differences among soil physico-chemical properties, infection indexes and diversity indexes of AMF were tested by one-way analysis of variance followed by comparison between pairs of mean values using Duncan's multiple range test. Two-way analysis of variance was used to analyze the main and interactive effects of P fertilization and soil depth on each soil chemical property and AMF infection index. We assessed relationships between richness and soil chemical variables by calculating the Pearson's correlation coefficients. All statistical analyses were performed using SPSS 13.0 (SPSS Inc., Chicago, IL). Canonical correspondence analysis (CCA) was performed to analyze the influence of P fertilization treatments and soil physico-chemical properties on soil AMF community composition. Principal component analysis (PCA) was explored to analyze the influence of P fertilization and maize growth stage on root AMF community structure. Ordination analyses and hypothesis testing were conducted in CANOCO for Windows v. 4.5 with binary-transformed data. In addition, forward selection tests were conducted using 499 permutations and the Monte Carlo permutation test with *p* \< 0.05 was used. Biplots were created using CanoDraw 4.5 to display the ordination results.
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![Richness of fungal T-RFs in soil at different depths and maize roots of different growth stages in different P treatments.\
Bars represent mean values ± SE (n = 4). Significant differences among treatments and soil depths were tested using Duncan's multiple range test (*p* \< 0.05) and are indicated by different lowercase or capital letters.](srep24902-f1){#f1}

![Canonical correspondence analysis (CCA) of the AM fungal community composition in the soil in response to vectors of significant soil chemical properties.\
CK: zero P application (control); P25: 25 kg P ha^−1^; P100: 100 kg P ha^−1^. Solid circles represent 0--20 cm, solid squares represent 20--40 cm, and solid diamonds represent 40--60 cm soil depth, respectively. The first and second axes explain 34.2 and 7.0% of the variance. The Monte Carlo test of significance of the first canonical axis and all canonical axes are *p* = 0.002 (*F* = 6.238) and *p* = 0.002 (*F* = 2.372), respectively.](srep24902-f2){#f2}

![Principal component analysis (PCA) of the AM fungal community composition in the maize root in response to different growth stages.\
CK: zero P application (control); P25: 25 kg P ha^−1^; P100: 100 kg P ha^−1^. Solid circles represent the V6 stage, solid squares represent V13 stage, and solid diamonds represent the R4 stage. The first and second axes explain 31.1 and 23.0% of the variance.](srep24902-f3){#f3}

###### Percentage root colonization, spore density, and hyphal length density in different P treatments and at different growth stages.

  Growth stage                               Treatment      Root length colonization (%RLC)     Arbuscular colonization (%AC)        Hyphal colonization (%HC)       Hyphal length density (m g^−1^)     Spore density (g^−1^ soil)
  --------------------------------------- ---------------- ---------------------------------- ---------------------------------- ---------------------------------- --------------------------------- --------------------------------
  V6                                          Control                29.04 ± 2.53b                      8.24 ± 3.22cd                      12.65 ± 2.84bc                     1.23 ± 0.12bc                    7.21 ± 1.10ab
  P25                                      16.40 ± 3.99bc             0.86 ± 0.47d                       5.66 ± 2.17c                       1.77 ± 0.16a                     6.38 ± 0.41abc           
  P100                                     11.10 ± 1.43c              0.80 ± 0.52d                       3.06 ± 0.75c                      1.48 ± 0.09abc                    6.16 ± 0.98abc           
  V13                                         Control                54.23 ± 7.49a                      20.44 ± 4.73ab                     32.92 ± 9.72a                     1.45 ± 0.16abc                     7.93 ± 1.22a
  P25                                      46.85 ± 2.70a             13.46 ± 1.80bc                     25.24 ± 1.47ab                     1.29 ± 0.25abc                    6.22 ± 0.77abc           
  P100                                     42.59 ± 6.04a             15.86 ± 3.77bc                     26.64 ± 6.49ab                      1.15 ± 0.07c                      7.28 ± 0.77ab           
  R4                                          Control                43.56 ± 1.70a                      18.63 ± 1.73b                      22.93 ± 1.55ab                    1.32 ± 0.05abc                    5.78 ± 0.72abc
  P25                                      53.56 ± 1.80a             28.33 ± 2.13a                      29.10 ± 0.62a                      1.67 ± 0.22ab                      4.73 ± 0.45bc           
  P100                                     23.95 ± 2.75bc            8.60 ± 1.85cd                      12.47 ± 2.42bc                     1.29 ± 0.13abc                     3.86 ± 0.25c            
  Analysis of variance                                                                                                                                                                                
   P fertilization level                                     [\*\*](#t1-fn1){ref-type="fn"}      [\*](#t1-fn1){ref-type="fn"}                    ns                                ns                                ns
   Growth stage                                             [\*\*\*](#t1-fn1){ref-type="fn"}   [\*\*\*](#t1-fn1){ref-type="fn"}   [\*\*\*](#t1-fn1){ref-type="fn"}                 ns                  [\*\*](#t1-fn1){ref-type="fn"}
   P fertilization level × Growth stage                       [\*](#t1-fn1){ref-type="fn"}      [\*\*](#t1-fn1){ref-type="fn"}                   ns                                ns                                ns

Data are mean values ± SE (n = 4). Significant differences among P treatments and growth stage within each variable were tested using Duncan's multiple range test (*p* \< 0.05) and are indicated by different letters. Two-way ANOVA was used to represent the main and interactive effects of P treatments and growth stage on each mycorrhizal parameter. Control: zero fertilizer P; P25: low-P treatment; P100: high-P treatment. V6, V13 and R4 refer to 6-leaf collar, 13-leaf collar and kernel dough during maize growth period. \**p* \< 0.05; \*\**p* \< 0.01; \*\*\**p* \< 0.001; ns, not significant.
